One of the important questions in protein synthesis on the ribosome is how the nascent polypeptide chains fold during translation. Addressing this question has strong implications to health and disease. Ribosomes play an essential role in maintaining a healthy cellular proteome by modulating co-translational folding. And folding of the nascent chain (NC) is likely to be initiated within the ribosomal exit tunnel. Here, we report high-resolution cryo-EM structures of stalled ribosome nascent-chain complexes (RNCs) at two biosynthetic translation time-points that examine the role of the ribosome during co-translational folding. Structures of the RNCs reveal that NC is highly dynamic and adopts a range of trajectories within the vestibule of the exit tunnel, affecting positions of the folded immunoglobulin domain outside the ribosome. Local rearrangements of several ribosomal components suggest key sensor checkpoints that monitor co-translational protein folding.
Introduction
Ribosomes are nano-machines that translate information coded in a messenger RNA into proteins in all living organisms. Recently, it has been found that ribosomes can also play a significant role in the process of co-translational folding by modulating the folding of a nascent chain (NC) during translation (Kaiser et al., 2011; Cabrita et al., 2016; Javed et al., 2017; Samulson et al., 2018; Liu et al., 2019) . Nascent chains (NC) can begin to acquire secondary structural elements in a cotranslational manner during emergence via the ribosome exit tunnel within the large subunit of the ribosome (Netzer W. et al., 1997; Thommen et al., 2017) . Studies by cryo-EM have shown NC folding within the exit tunnel is largely limited to formation of rudimentary secondary structure, predominantly a helices within different areas of the tunnel while b hairpins as well as the formation of small domains in the wider vestibule region of the tunnel (Kosolapov and Deutsch., 2009; Bhushan et al., 2011; Lu et al., 2011; Nilsson et al., 2015; Holtkamp et al., 2015; Nilsson et al., 2017; Su et al., 2017; Agirrerazabala et al., 2017; Tian et al., 2018) . Nonetheless, the polypeptides with more complex tertiary structure fold close to and outside the tunnel, as found for spectrin -a three-helix bundle protein, and titin, an all beta-sheet immunoglobulin domain (Nilsson et al., 2017; Tian et al., 2018) . Biochemical and biophysical studies using FRET and PEGylation support these observations (Holtkemp et al., 2015; Kosolapov and Deutsch 2010) . NCs studies by cryo-EM provided us with snapshots of some states of the NCs within the ribosomal tunnel. These results revealed structural details regarding stalling, folding of NC and details on how the ribosome and NC co-ordinate activities in the upper and central tunnel (Bhushan et al., 2011; Nilsson et al., 2015; Agirrezabala et al., 2017 , Su et al., 2017 . Yet, how biochemical and physical properties of the ribosome tunnel vestibule, i.e. the lower tunnel, affect the position of the NC and therefore the process of folding is poorly understood, largely due to the flexibility of the NC in this widest region of the tunnel.
NCs comprising the fifth and sixth domains of ABP-120 filamin protein (referred below as FLN5 and FLN6) have been analysed by NMR in the vicinity of the ribosome (Hsu et al. 2007; 2009; Cabrita et al., 2009) . In these ribosome-NC complexes (RNCs), the FLN5 domain is tethered to the ribosome via different length sequences from FLN6 domain (Figure 1a ). Initial analyses of these RNCs revealed the transition of FLN5 to the folded state occurs when it is bound to the ribosome by a linker of approximately 45 amino acids Cassaignau et al., 2016) . Details on the structural organisation of FLN5 and FLN6 NC within the ribosome and the effect of the ribosome on the folding of FLN5 remains to be understood that would help to address the question on how the ribosome modulates co-translational protein folding. In this study, we report cryo-EM structures of SecM stalled FLN5-45 and FLN5-47 RNCs, where FLN5 is tethered to the ribosome by 45 and 47 amino acids using sequence from FLN6 and SecM (Figure 1a ). Statistical analysis of cryo images allowed us to obtain a set of structures reflecting the most representative populations of RNCs at two points of translation. We have found that the NCs are dynamic within the tunnel and can adopt a variety of NC trajectories within the tunnel vestibule, resulting in distinct conformations for each NC linker within the exit tunnel, and three most probable positions of folded FLN5 NC. Trajectories adopted by the NC reveal the dynamic process of co-translational folding of the NC on the ribosome and in particular how interactions with the ribosome's tunnel surface likely contribute to the productive folding of an emerging NC inside a cell.
Results

Overall organisation of RNC complexes
Two FLN5-RNCs were chosen as representative biosynthetic snapshots of FLN5 NC (residues 646 to 750), which is tethered to the ribosome by 45 or 47 amino acids. The tether comprises either 26 (aa 751 to 776) or 28 (aa 751 to 778) N-terminal amino acids from FLN6, together with the 17 amino acid SecM stalling sequence (Nakatogawa and Ito, 2001) (Figure 1a ). Data for FLN5-45 and FLN5-47 RNCs were collected on a Titan Krios electron microscope (Thermo Fisher ScientificTM), operating at 300 kV and equipped with K2 Summit direct electron detector (see Methods; Table 3 ). We used RE-LION 2 for structural analysis to identify different conformational states of the RNCs (see Methods, Supplementary Figure 1 ). Local resolution maps of FLN5-45 and FLN5-47 RNC structures exhibited both stable and flexible regions in both the ribosome and NC (Supplementary Figure 2 ). In the structures obtained, the two ribosomal subunits have an average resolution of~3.5 Å. The resolution of NC within the tunnel was lower compared to the overall resolution of the ribosome, indicating a higher level of flexibility in the FLN6 NC linker (Supplementary Figure 2) . The 3D classification enabled us to distinguish structures according to the FLN6 linker positions within the ribosome tunnel vestibule (Figure 1b, c; see Methods, Supplementary Figure 1 ). Overall, these structures enabled us to derive the most significant pathways adopted by the NC within both RNC complexes.
The RNC complexes analysed by cryo-EM were in the SecM-arrested state and show well-established features including the P-site tRNA, located in the peptidyl transferase centre (PTC), between the small and large ribosomal subunits and linked to the NC at the entrance to the exit tunnel ( Figure 1b ). The NC density spans the entire~100 Å length of the exit tunnel on the 50S and can be sub-divided into three major regions depending on the distance from PTC (Figure 1b ): upper -between the entrance and the tunnel constriction formed by uL4 and uL22; central -from the tunnel constriction site up to the A1321 nucleotide of H50 (starting at~45 Å from the tunnel entrance); and the vestibule region (starting at~70 Å from the top) ( Figure 1b ). The P-site tRNA (shown in blue, Figure 1 ) is attached to the NC via the Gly165 residue, which is the penultimate residue observed in the SecM sequence at the entrance to the tunnel. Density corresponding to the SecM sequence of the NC is well defined and threads throughout the upper tunnel part, which is~10 Å wide. The density within the central part of the tunnel was assigned to FLN6 sequence. For each RNC, the resolution was sufficient to model side chains of residues 776-773 (FLN5-45) and 778-774 (FLN5-47) in FLN6 ( Figure 2 ). The remaining 22 (FLN5-45) and 24 (FLN5-47) residues were traced as poly-alanine chains within the tunnel vestibule. This enabled us to model three most plausible NC trajectories adopted within the vestibule region of~25 Å wide (Table 1) . Close to the tunnel exit and in the proximity to the ribosome surface, the FLN5 domain tethered to FLN6 was seen as a bulk of density in both FLN5-45 and FLN5-47 RNCs. Fitting of the crystal structure of FLN5 domain (McCoy et al., 1999) shows the volume of these densities is consistent with the globular conformation of FLN5 (Table 2 ; Figure 1c ; Supplementary figure 7). Three NC pathways were differentiated according to the identified NC trajectories within the vestibule, referred further as "states" (1 to 3) for each RNC length. State 1 corresponds to a population of NCs where FLN6 is in close proximity to H24 of the 23S rRNA in the vestibule, state 2 represents NC that is positioned between H24 and H7 23S rRNA, and state 3 corresponds to FLN6 NC located close to H7 23S rRNA; the relative populations of the observed FLN5-45 and FLN5-47 states in the cryo-EM datasets are shown in Table 1 , (Figures 1b, c) . Each of the states observed was accompanied by small local changes in the ribosomal elements lining the vestibule (see below). Analysis of both complexes showed that state 2 was represented by a large number of particles (Table 1) , which is likely the most character-istic (meta-stable) conformation of the NC at the corresponding linker length during biosynthesis.
Location of SecM and its interactions with the tunnel
Each of the structures of the FLN5-RNCs show well defined density within the upper and first half of the central tunnel region corresponding to the SecM NC (Gly165 -Phe150) (Figure 2a ). Modelling of SecM NC interactions with ribosome tunnel elements was done using NC states 2, where SecM was resolved on average at~5 Å. These models were subsequently used to trace SecM in less populated states in both RNCs. SecM NC was traced in the same position within the upper tunnel in all RNC states ( Figure 1c ). The SecM models enabled us to reveal major site-specific SecM interactions with the ribosomal exit tunnel that induce translational arrest, as established by previous studies (Nakatogawa and Ito, 2001; Bhushan et al., 2011; Zhang et al., 2015) ( Figure  2b ; Supplementary Figure 3 ). The point of interaction between Arg163 of SecM and nucleotides U2506 and A2451 (Int163,2506) of 23S rRNA at the PTC in both FLN5-45 and FLN5-47 RNC complexes was identified (Figure 2b; Supplementary Figure 3 ). Another interaction is found between Trp155 (SecM) and A751 (23S rRNA) (Int155,751), located close to the uL4-uL22 constriction site and is visible in structures of both complexes of FLN5-45 and FLN5-47 RNC (Figure 2b ; Supplementary Figure 3 ). The NC density corresponding to the pi-stacking interaction Int155,751 in the structure is in a good agreement with previous structural and mutagenesis studies reporting that Trp155 to Ala155 mutation reduces SecM stalling (Nakatogawa and Ito 2002 , Bhushan et al., 2011 and Zhang et al., 2015 (Figure 2b ; Supplementary Figure 3 ). To analyse changes in SecM conformation within the upper tunnel between the NC states, we measured the distances between Int163,2506 and Int155,751 of SecM ( 20 to 22Å), which is shorter than the expected~30 Å distance for an extended SecM NC chain of the same length (assuming that the distance between two residues in an extended chain is~3.4 Å) (Supplementary Figure  4a ). This indicated a more compact form of SecM observed in FLN5 RNCs, which is consistent with former studies suggesting the compaction of the chain (Supplementary Figure 4a ) (Woolhead et al., 2004 , Gumbart et al., 2012 Zhang et al., 2015) . The compaction likely is a feature of SecM NC to induce site-specific ribosome stalling. Moving towards the tunnel constriction we have found that the N terminal residues (Pro153-Ser151) of the SecM backbone (main chain) undergo lateral shifts of~3.8 Å between states 2 of FLN5-45 and FLN5-47 ( Supplementary Figure 4b ). This shift of the polypeptide chain is possibly related to the residue Pro153 of SecM, mutation of which was recently shown to make SecM more flexible within the tunnel (Bracken and Woolhead, 2019) , hence identifying this point in SecM NC to play some role in SecM activity within the ribosome exit tunnel. This flexibility of SecM was also predicted by molecular dynamics simulation of SecM NC within the tunnel (Gumbart et al., 2012) , suggesting to us that the shift observed in our SecM NC structures around the tunnel constriction possibly correlates with the NC flexibility downstream in the vestibule. Altogether, the key interactions identified in our structures confirm previously described structures of SecM-arrested RNCs (Bhushan et al., 2011; Zhang et al., 2015) and suggest that SecM globally is fixed enough within the tunnel in FLN5-RNC structures to interact with the tunnel and stall ribosomes during translation.
Conformations of the FLN6 linker within the central part of the tunnel
The central tunnel region located beyond the tunnel constriction site formed by uL4 and uL22 is slightly wider and has a diameter of~15 Å. (Figure 1c ). In the RNCs, the central tunnel accommodates about 10 residues of FLN6 NC, from which four residues of the C-terminal FLN6 NC and two residues from the cloning vector are modelled (Leu-773 to Glu-778: FLN5-45 and residues Leu-773 to Lys-778: FLN5-47; see methods, Figure 2b ). The modelling of these six residues was performed on the structures corresponding to states 2, while the remaining part of the NC was modelled as a poly-alanine chain. The fitted models were used for interpretation of FLN6 NC behaviour within the central and vestibule regions of the tunnel in both FLN5-45 and FLN5-47 RNCs. It was found that a two-amino acid difference in sequence and length of FLN6 linker between FLN5-45 and FLN5-47 RNCs plays a role in changes within NC interactions, affecting NC dynamics and hence folding of the FLN5 domain ( Figure 2c ). Comparison of state 2 struc-tures shows that the FLN6 NC makes several contacts with the ribosome protein uL22 at the central tunnel region ( Figure 2c ). In FLN5-45 RNC, FLN6 appears to interact with Arg84 of uL22 via Glu-778 (FLN6) . At the same position in the tunnel in FLN5-47, Thr-776 of FLN6 NC interacts with uL22 (Arg84) (Figure 2c -bottom panel). The nature of these interactions appears to be non-specific. Published structures of NCs of different sequences also show NC interaction with Arg84 of uL22 (Agirrezabala et al., 2017; Su et al., 2017) , indicating that uL22 acts as a key and non-discriminatory interaction point between the ribosome tunnel and the NC, in our case with FLN6 NC in FLN5 RNCs. The lower central tunnel region, occupied by A1321 nucleotide of H50 23S rRNA and the beta-hairpin loop of uL23 ( Figure 1b ) shows variations in contact points made by FLN6 NC between FLN5-45 and FLN5-47 RNCs (Supplementary figure 5 ). This is clearly evident in NC states 2 of FLN5-45 and FLN5-47 RNC and state 3 of FLN5-47 RNC (Supplementary figure 5). In state 2 of FLN5-45 RNC, FLN6 NC interacts with both A1321 nucleotide and uL23 ( Supplementary Figure 5a ). In state 2 of FLN5-47 RNC, only one contact is observed between A1321 nucleotide and NC (Supplementary Figure  5b ). Interestingly, state 3 of FLN5-47 RNC shows two contacts of NC with H50 and uL23, similar to state 2 FLN6 of FLN5-45 RNC ( Supplementary Figure 5c ). At this region of the tunnel in both RNCs, the sequence of FLN6 NC corresponds to multiple lysine residues (Supplementary figure 5), indicating this interaction is possibly mediated by electrostatics of both the NC and the ribosome tunnel. Overall, it appears that the strength of uL23-H50 rRNA interaction with NC plays a role in determining the trajectory of the NC at the vestibule, shifting it either towards H7 (state 3) or exiting via the middle of the tunnel (state 2 - Figure 3 ).
Trajectories of NC within the tunnel vestibule
The vestibule is the widest region of the exit tunnel, with an average diameter of~22 Å (Figure 1b ). The ribosome tunnel vestibule is lined by negatively charged 23S rRNA (nucleotides of H50, H24, H7 and H4) and positively charged loops from uL23, uL24 and uL29 proteins ( Figure 1b ). The large diameter of the vestibule permits greater flexibility to the NC, as observed in the different RNC states ( Figure 1 ; Table 1 ). The resolution of the FLN6 NC in the vestibule was~8.0 Å, sufficient to trace the N-terminal portion of FLN6 NC as polyalanine chain (from residue Lys771 onwards towards the C-terminal Ala751) ( Figure 3) . A point of bifurcation of FLN6 NC trajectories was found at A1321 nucleotide of H50 (23S rRNA), positioned at the start of the tunnel vestibule ( Figure 3 ). It is likely that several positively charged residues in FLN6 NC sequence located at the vestibule (i.e. Lys771-Lys770-Asn769-Lys768) make some electrostatic interactions with negatively charged 23S rRNA (Figure 3a; Supplementary Figure 5 ). These non-specific charge-mediated interactions give rise to multiple NC positions along the tunnel vestibule, enabling the identification of three main states in both RNCs: one is in close proximity to the H24 rRNA domain (state 1), the second at the centre of the vestibule (state 2) and the last one being close to the H7 rRNA domain (state 3) ( Figure  3 ).
The N-terminal region (from residues Ala767 onwards) of FLN6 NC in states 1 in both FLN5-45 and FLN5-47 RNCs interacts with nucleotides of H50 and H24 domains of 23S rRNA and uL24 loop ( Figure 3 and b respectively). Interestingly, FLN5-45 NC state 1 shows a bulk of density, attached to nucleotides H50-H24 of 23S rRNA and likely relates to a compaction of FLN6 NC (Figure 3a; Supplementary Figure 7b ). This short-lived NC state represents a snapshot of a possible conformation adopted by FLN6 NC in FLN5-45 RNC. State 3 of FLN6 NC in both FLN5-45 and FLN5-47 RNCs shows the NC making several contacts with uL23 and uL29 loop as well as the nucleotides of H4 and H7 domains of 23S rRNA (Figure 3a and 3b ).
It was demonstrated that uL23, uL24 and uL29 could be cross-linked with emerging NCs, indicating that these proteins can actively interact with an emerging NC within the tunnel vestibule (Peterson et al, 2010) . Our RNC structures of different NC states demonstrated variability in positions of ribosome tunnel uL23, uL29 and uL24 proteins by~2 to 5 Å (Figure 4 ). For instance, comparison of ribosome states 2 of FLN5-RNCs shows uL23 movement of~3 Å between FLN5-45 and FLN5-47 RNCs (Figure 4a ). uL29 loop has the smallest shift in states 2 between FLN5-45 and FLN5-47 of~1 Å ( Figure  4b ). For uL24, the loop moves by~5 Å between states 2 of FLN5-45 and FLN5-47 RNCs (Figure 4c ). Interestingly, cross-comparison of uL24 tunnel loop shows that it undergoes a shift of~3 to 4 Å between states 1, 2 and 3 for each RNC reported (Figure 4c ). This suggests increased flexibility of the uL24 tunnel loop located at the mouth of the tunnel exit, consistent with recent RNC structures reporting similar shifts in uL24 loop upon NC interaction (Tian et al., 2019) . In addition to the ribosome tunnel loops at the vestibule, small movements (~1 to 2 Å) were detected in A1321 of H50, A91 nucleotide of H7 in 23S rRNA and A490 nucleotide of H24 in 23S rRNA (Supplementary figure 6) , however it is difficult to assess the significance of these displacements since they are below the average level of resolution of our structures. When compared to an empty ribosome structure (not occupied with p-tRNA bound NC), the loops in ribosomal proteins within the tunnel undergo significant shifts: uL23 undergoes a~12 Å and uL24 a~6 Å shift (Figure 4) . Similarly, the nucleotides of rRNA domains that interact with FLN6 NC at the vestibule also undergo local movements relative to the empty ribosome: H24 (A490) and H50 (A1321) undergo a shift of~3 Å, and H7 (A91) moving by~2 Å (Supplementary Figure 6) . These changes in the structure of these ribosome elements indicate that the ribosome in the presence of NC within the tunnel is accommodating enough to undergo local variations as a result of non-specific interactions with NC, such that it does not stop translation and disrupt the emergence of NC from the tunnel. To explore what impact of the vestibule environment may have on the NC's trajectory, shifts in the FLN6 NC position were measured by comparing positions of the NC in different states, using state 2 NC as the reference (fixed) point. These shifts were measured at the point of bifurcation occupied by uL23 and H50 rRNA domain, at the start of the tunnel vestibule ( Supplementary Figure 8) . In FLN5-45 RNC, state 1 NC is shifted by 7 Å with respect to state 2, and state 3 is shifted by 8 Å with respect to state 2. A similar effect is observed in FLN5-47 in which states 1 and 3 are shifted by 5 Å and 7 Å, respectively, relative to state 2 ( Supplementary Figure 8) . Overall, the shifts of the NC measured between H24 rRNA domain and H7 rRNA domain at the vestibule in both FLN5-45 and FLN5-47 RNCs indicate a range of movement up to~15 Å, which is consistent with the shifts allowed by the 20 Å wide vestibule (Supplementary Figure 8 ). Altogether, the multiple NC trajectories at the vestibule suggests not only NC mobility but that contacts with the tunnel likely anchor temporary positions of FLN6 NC at the vestibule and therefore induce local conformations. The tunnel vestibule also appears to be actively engaged with NC, affecting NC flexibility and its overall conformation. As a result, movement of FLN6 NC within the vestibule directly affects positions of linked FLN5 NC close to the tunnel exit (as described below).
FLN5 NC is folded close to the ribosome exit tunnel.
Our cryo-EM structures of FLN5-FLN6 RNCs show a distinct bulk of density just outside the vestibule (~100 Å from the PTC) which was assigned to the FLN5 domain ( Figure 5a ) and verified by rigid-body fitting and cross-correlation between the X-ray crystal structure (PDB 1QFH) and the EM density (Figure 5a , Supplementary figure 7a; see methods). The scores of fits (Table 2) indicated that these bulks of densities correspond either to the fully folded or to a folded core of the immunoglobulin domain (Figure 5a ). The structures of RNCs in different states revealed variations in the position of the FLN5 NC close to the ribosomal exit tunnel ( Figure 5 ). In states 1 and 2, FLN5 domains are positioned at~16 to 20 Å away from H24 ribosome domain in FLN5-45 RNC, nearby uL24 ribosome tunnel loop (Figure 5b) . By contrast, FLN5 in state 3 of FLN5-45 RNC is positioned~32 Å away from the ribosomal surface (using H24 as a reference point), and located close to the uL29 protein on the opposite site of the ribosome tunnel (State 3, Figure 5b ). These variations in the position of FLN5 demonstrate the mobility of FLN5 NC around the ribosome exit surface, which (may be) are affected by FLN6's conformation and the interactions it forms at the vestibule (Figure 3 ; Supplementary Figure 5 ).
In FLN5-47 RNC states, FLN5 domain in state 1 is~22 Å away from the tunnel exit in the proximity of H24 domain ( Figure 5b ). We note that the point of attachment of FLN5 in state 1 of FLN5-47 to the ribosome at H24 rRNA domain is analogous to that of FLN5 observed in states 1 and 2 of FLN5-45 RNC (Figure 5b ). The less defined densities of FLN5 in state 2 of FLN5-47 indicate that FLN5 NC is flexible and apparently is shifted bỹ 15 Å away from the ribosomal surface, based on FLN5 domain fitting (Figure 5b ). In state 3 of FLN5-47 RNC, FLN5 is located~30 Å away from H24 of the ribosome tunnel (Figure 5c ). The FLN5 domain in this state is rotated by~60 degrees towards H59 rRNA domain relative to the FLN5 domain in state 3 of FLN5-45 RNC (state 3, Figure 5b ). FLN5 state 3 of FLN5-47 RNC also shows the FLN5 N-terminus interacting with H59 of the 23S rRNA domain, which is located close to the exit of the tunnel (Figure 5b; Supplementary Figure 7c ). The contact is possibly mediated by electrostatic interactions of the negatively charged H59 rRNA domain nucleotides and positive charges (corresponding to lysine residues) in the N-terminal loops of FLN5 (Supplementary Figure 7c ). We found that FLN5 NC interactions with the ribosome induce a shift of~5 Å in H59 rRNA loop compared to H59 in empty ribosomes, and a shift of~3 Å in H59 rRNA loop compared with state 2 of FLN5-47 RNC structure (Figure 4d ). The shifts of H59 rRNA domain upon NC interaction imply on its possible role as a checkpoint during co-translational folding of an emerging NC, which is consistent with previous observations of interactions between the partially folded NCs on the ribosome and the H59 rRNA domain (Nilsson et al., 2017) . All in all, our results demonstrate that the states of the FLN6 domain within this tandem FLN5-FLN6 NC, arise due to non-specific interactions with the ribosome tunnel. The structures indicate that the nearly folded FLN5 domain can be found in different positions around the tunnel exit during different stages of biosynthesis, whereby its location from the tunnel exit is correlated with NC trajectory adopted within the vestibule. Yet some NC trajectories reflect greater degree of movement within and close to tunnel. State 3 FLN5 NC, specifically in FLN5-47 RNC is mobile enough to reach H59 rRNA domain on the surface of the ribosome and interact non-specifically.
Discussion
In this cryo-EM study we have analysed structures of a tandem of two domains (FLN5-FLN6) as nascent chains on the ribosome with the immunoglobulin domain FLN5 linked to the ribosome by the truncated FLN6 domain. The cryo-EM structures obtained reveal differences in the conformations of RNCs in the two biosynthetic states due to different lengths of the tether: FLN5-45 and FLN5-47. NMR analyses of these two RNCs indicated that emerging FLN5 at the linker of the 45-47 aa has a (nearly) Ig-like fold . The cryo-EM structures reported extend this further by revealing different states adopted by the NC within the tunnel, mediated by the interactions made with the tunnel NC. It appears that NC flexibility at the vestibule is not defined by its sequence and does not affect ribosome's capacity to translate. Instead, this NC flexibility depends on the tunnel dimensions as well as the propensity for any non-specific interactions between the NC and the ribosome tunnel. The interactions between NC and the ribosome also depend on the NC location within the tunnel, more prevalent in the narrow part of the tunnel (upper or central). Our analyses of the structures also show key checkpoints along the ribosome exit tunnel that mediate NC activity within and close to the exit tunnel ( Figure  6 ). We have captured, for the first time, a multitude of NC states on the ribosome for each of FLN5-45 and FLN5-47, with well-traced density for the NC from the PTC through the ribosomal exit tunnel. The cryo-EM structures reflect the dynamics of the nascent polypeptide within both RNCs showing that the NC to have at least 3 well populated states. In FLN5-45 RNC, the location of the folded FLN5 is better defined near the tunnel exit compared to the slightly longer tether in FLN5-47 RNC structures. The two additional residues linking the folded FLN5 NC domain to the PTC shift the domain slightly further from the ribosome (by~6 Å), enhancing its ability to move nearby the exit tunnel, facilitating temporary points of interaction with a peripheral ribosome region (i.e. the H59 domain of 23S rRNA). An electrostatic interaction between H59 and FLN5 within FLN5-47 RNC appears to stabilise one of the orientations of FLN5 NC.
Local rearrangements within the ribosome exit tunnel observed in our structures further confirm its active role in the presence of NC within the exit tunnel. In particular, the vestibule, where the NC appears most mobile, displayed shifts in both ribosomal RNA and ribosomal proteins lining the tunnel wall. These shifts suggest that without changing the global interaction network within the ribosome, local changes are possible in order to accomodate NC activities within the tunnel. We identified three checkpoints along the ribosome exit tunnel that potentially can modulate NC behaviour inside and outside the tunnel: uL22 at central tunnel, uL23-H50-H24 at the vestibule and H59 outside the tunnel. Published cryo-EM structures of RNCs also implicate uL22 and H59 as main interaction points for an emerging NC, influencing its position within the tunnel and folding (Agirrezabala et al., 2017; Su et al., 2017; Nilsson et al., 2017) . The structures further indicate that there is a correlation between NC interactions inside the tunnel affecting positions of the NC domains outside the tunnel. The shorter RNC (FLN5-45) makes the NC less mobile and favouring folding of immunoglobulin domain at exit of the tunnel while the longer NC (FLN5-47) with 2-additional residue shows that the folded immunoglobulin domain outside the exit tunnel is more variable. Overall this increase in the mobility between these states at the point of the folding transition can rationalise the folding of this highly stable domain only occurring at these points during biosynthesis.Comparison of the multiple states described for two RNCs studied shows that in all cases, the FLN6 linker appears to be in a compact state in the vestibule that regulates the position of FLN5 being close to the vestibule, relative to what would be expected for an extended FLN6 linker. The positions occupied by FLN5 NC also appear shorter and closer to the ribosome exit tunnel than expected for an extended linker (i.e. on average 10-30 Å compared with expected~60 to 70 Å away from the tunnel exit). We suggest that this close proximity of FLN5 to the tunnel exit in both RNCs occurs as a result of FLN6 NC compaction within the vestibule. The compaction of the tethering linker may explain the observed delay of the folding of FLN5 at lengths 45-47 residues away from the tunnel . Due to FLN6 NC compaction, FLN5 should be able to fold significantly earlier, at shorter linker lengths (Waudby et al., 2018) . We can suggest that the compaction of the FLN6 residues within the vestibule may preclude earlier folding since this compaction may compete with FLN5 folding at biosynthesis points. Furthermore, the NMR observations of different complexes with different length of the tether from FLN5-21 to FLN5-42 indicate that FLN5 remains largely disordered and NMR resonance broadening indicating interactions of FLN5 with the ribosome surface. The FLN6 compaction and the proximity of globular FLN5 to the ribosome observed by cryo-EM indicates that the combination of interactions with ribosome inner surfaces may result in the delayed folding of FLN5 and it's locus, although the folded domain remains close to the vestibule of the ribosome. The partial compaction observed for the FLN6 NC within the tunnel vestibule further suggests that the vestibule plays an active role during folding by recognising the presence of specific NC amino acids that are involved in transient contacts made with the tunnel. These contacts may stimulate interactions between the NC residues in such way that the NC may be compacted and may allow formation of transient secondary structural elements, particularly at longer. Interesting parallels can also be drawn from recent cryo-EM studies of RNCs of small folded domains on shorter linker lengths: both spectrin (linker length 32aa) (Nilsson et al, 2017) and the immunoglobulin-like protein, I27, (linker length 35aa) (Tian et al, 2018) , showing a preference for the orientation shown in our state 3 structure, suggesting that common sites of contact on the ribosome of the newly formed globular state may exist during co-translational folding.
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Materials and Methods
Generation of ribosome-nascent chain complexes (RNCs):. RNC constructs of FLN5-45 and FLN5-47 were derived from a FLN5-110 RNC construct by truncating the C-terminal residues in FLN6 linker sequence, as described previously . The constructs include 17 residues from SecM, two cloning residues, 26/28 residues from FLN6 and the full 105 sequence of FLN5 from ABP120 protein (Figure 1 ; Cabrita et al., 2016) . The FLN5-RNCs were biochemically purified as described in (Cassaignau et al., 2016) , though with included minor modifications: Following growth in an un-labelled MDG medium at 37°C, the cells were washed and re-suspended in EM9 medium. RNC expression was induced with 1 mM IPTG at 30°C, and 150 mg/mL rifampicin was added 10 minutes later. The cells were harvested by centrifugation 35 min later. Ribosomal material was recovered from the lysate using a 35 percent (w/v) high salt sucrose cushion prior to purification using a Ni-IDA column. The RNCs were purified further by applying pelleted RNCs to a butyl HP column equilibrated in a high salt buffer (20mM Hepes, 1.5 M NH4SO4, 400mM KOAc, 12mM MgOAc, 2mM BME, 0.1 percent (w/v) protease inhibitors, pH 7.5). RNCs were eluted using a reverse linear ammonium sulfate gradient into a low salt buffer, which lacked ammonium sulfate. RNC integrity was determined using an anti-his western blot against a series of isolated FLN5 standards as described previously . 
Sample preparation and Electron Microscopy:.
Purified RNCs at~200nM were applied to homemade carbon coated holey-carbon supported grids (C-flat R1.2/1.3, Protochips) vitrified using a Vitrobot Mark IV (ThermoFishcerTM). Data for the FLN5-45 and FLN5-47 RNC complexes were automatically collected on a Titan Krios electron microscope (FEI) operating at 300 kV and equipped with K2 Summit direct electron detector (Gatan Inc.) at the eBIC Diamond light source facility (Harwell Campus, Oxfordshire, UK). The defocus range used was -0.6 to -2.0 µm. Data collection was done using EPU (ThermoFishcerTM). For the FLN5-45 and FLN5-47 RNC samples, movies (45 frames per movie) were collected with a total dose of 45 e-/A2. The pixel size was 1.06 Å/pix. on the sample. Image-Processing:. Relion 2.0 (R. Fernandez-Leiro and Scheres, 2017) was used for all steps in image processing. For each dataset, movies were aligned using MotionCorr2. CTFFIND4 (Rohou A and Grigorieff N, 2015) was used to determine defocus values. Particles were semi-automatically from aligned micrographs using RELION 'Autopick' programme (R. Fernandez-Leiro and Scheres, 2017) . The number of selected par-ticles for the FLN5-45 and FLN5-47 RNC complexes was~400,000 and~384,000 correspondingly. Selected images were extracted within boxes of 400x400 pixels. The extracted particle images were subjected to two-dimensional (2D) classification. Subset selection of 188,830 particles in FLN5-45 RNC and 144,460 in FLN5-47 RNC datasets were refined that gave rise to refined 3.0 Å and 2.8 Å maps respectively. The cleaned particle sets were then used for analysis of structural heterogeneity by 3D classification in Relion (as shown in Supplementary figure 1) . We performed extensive focused 3D classification using RELION around the ribosome exit tunnel (Supplementary figure 1) to resolve several NC states within the tunnel and particles from the selected 3D classes obtained were refined independently. The maps used for structure refinements were sharpened by applying negative B-factors of up to -100 using Relion 2.0 (R. Fernandez-Leiro and Scheres, 2017). FSC was estimated, using gold standard approach. Resolutions are reported using the 0.143 criterion (Table 4) .
Atomic Modelling:. The high-resolution cryo-EM structure of the 70S-p-tRNA-Gly complex (PDB 5NP6; Agirrezabala et al., 2017) was used as a starting model for ribosome structure assessments. The PDB model was rigid body fit into sharpened cryo-EM maps in UCSF Chimera (Pettersen et al., 2004) and subsequently refined iteratively using Phenix (Afonine et al., 2018) real space refine and in Coot (Emsley and Cowtan, 2004) for improved structure geometry and overall fit. Refined models were assessed using Molprobity scores (Chen et al., 2010) as well as visual inspection in Coot. For assessment of changes within ribosome tunnel elements, sequence based structure alignments of the fitted ribosome structures were performed in Chimera (Pettersen et al., 2004) , and RMSD values were assessed to indicate small or large differences. Electrostatic potential maps for ribosome exit tunnel, FLN6 NC and FLN5 structures were calculated using Chimera (Pettersen et al., 2004) , based on calculating surface maps from pdb models and colouring maps based on charge potentials of each residue. Initial SecM NC model was obtained using pdb model 3JBU (Zhang et al., 2015) . The model was rigid-body fit into each cryo-EM map in Chimera and then refined manually (residue by residue) in Coot. The SecM NCs were then extended with six to eight C-terminal residues of FLN6 NC and fitted manually in Coot. The differences in positions of the fitted SecM NC in both the FLN5-45 and FLN5-47 RNCs were assessed by RMSD. The NC was traced further by extended the NC model with poly-alanine residues to model ddFLN6 residue positions connected to FLN5.
The C-alpha backbone of the entire NC was refined using phenix-real-space refine implemented in Phenix (Afonine et al., 2018) . Fitting for FLN5 NC density was done using rigid-body fit in Chimera, using the crystal structure (PDB 1QFH; McCoy et al., 1999) . First, the pdb model was manually fitted to reflect C-N terminus vectorial emergence from the ribosome. Step-wise cross-correlations scores were computed using the 'Fit in map' programme at resolutions 10-15 Å, assessing translation and rotation shifts that helped to identify the best fit of model in to map. Figures were prepared in Chimera (UCSF, Pettersen et al., 2004) .
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Zhang, J., Pan X., Yan K., Sun S., Gao N. Sui S. F. (2015) . Mechanisms of ribosome stalling by SecM at multiple elongation steps. Elife, 4, e09684 Tables  Table 1. NC states identified in FLN5 RNC complexes. Table 2 . Fitting scores for FLN5 in EM maps of FLN5-45 and FLN5-47 RNCs. Table 3 . Cryo-EM structure refinement of FLN5-RNCs. Supp.Fig Relative shifts between each state is indicated: shifts between state 1-2 and state 3-2 is indicated by green arrows (FLN5-45) and black arrows (FLN5-47) whilst the shift between state 1 and 3 is indicated by yellow arrow (FLN5-45) and cyan arrow (FLN5-47 RNC). Bottom panels show a close of the vestibule area (top view) of overlay of 3 states and relative shifts in FLN5-45 and FLN5-47 RNCs.
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